Abstract: A Compact triple notch band monopole antenna with defected ground structure is proposed in this article. Corner truncated square radiating element on the top side and defected ground structure on the bottom side are placed on FR4 substrate of permittivity 4.4. An inverted U-slot is placed on the feed line to have proper impedance between feed point and the ground plane. The proposed antenna providing triple notch band characteristics between 7-7.4 GHz, 8-12 GHz and 16-18 GHz respectively. The fabricated antenna occupying the dimension of 24X26X1.6 mm and the measured results providing excellent correlation with simulation results.
Introduction
The advancements in the wideband technology enabling high data transmission rate for indoor and outdoor communications with low power consumption. The simple hardware configuration making this wideband technology as unique advantageous solution over conventional narrow band technology. Nevertheless, the UWB system still facing different challenges like interference to WLAN operating in the IEEE WiMAX network 3.35-GHz (3.3-3.4 GHz), 3.5-GHz (3.4-3.6 GHz), 3.7-GHz (3.6-3.8 GHz) (5.725-5.85 GHz), WLAN 5.25-GHz (5.15-5.35 GHz) and 5.75-GHz (5.725-5.825 GHz), IEEE INSAT/Super-Extended C-band, and X-band 7.5-8.5 GHz operating bands. Researchers are designing different antennas with multiband characteristics for compact and handheld devices for multi service systems.
In literature single band, dual band, triple band and multiband notch antennas with compact dimensions are available [1 -4] . Antenna models for bandwidth enhancement through defected ground structures are proposed with microstrip line, coplanar waveguide feeding, and aperture coupled feeding for wireless communication applications [5 -7] . However, the notch weights of most reported antennas are relatively too wide, which may lead to wastage of useful frequencies. To achieve compactness as well as wideband characteristics in the design, fractal geometry is used because of its self-similar and space healing properties. [8 -10] . To achieve the reconfigurable performance in rejection bands, different types of switches such as RF MEMS, RF MESFET, Varactor diodes and p-i-n diodes are used [11 -14] .
In this article, a triple notch reconfigurable monopole antenna is designed with defected ground structure. In this design, the radiating element lower side and the defected ground upper side are etched with corner truncated slots. To get single notch band characteristics from the wideband antenna, an inverted u-shaped slot is placed in the radiating element. To attain dual notch band characteristics, two inverted u-shaped slots and to achieve triple notch band characteristics, three inverted u-shaped slots are placed on the radiating structure. The current model is fabricated on FR4 substrate of thickness 1.6 mm and tested the results for notch bands at desired frequency bands as well as reconfigurable characteristics on vector network analyzer. A comparison between the literature and the current antenna model is presented in Table 1 . The design aspects of the antenna and its dimensional characterization with mathematical formulation is given in section 2 of antenna geometry. The section 3 will provide the detailed design methodology in the step wise. The section 4 will provide the results and analysis with respect to radiation characteristics, surface current distribution and measurement results of the proposed antenna with tunable behaviour in the detailed manner.
Antenna geometry
The designed antenna is constructed on FR4 substrate of Ɛr=4.4 with overall dimension of 26X24X1.6 mm. The patch consisting of square shaped radiating element with corner truncation at lower edges. Inverted U-shaped slots are placed on the radiating element to achieve the notch band characteristics in the antenna operating band. The ground plane is partially etched and made defected ground to obtain good impedance bandwidth. The ground plane was selected in a fashion with corner truncated orientation on top edges. A 50-ohm input impedance is used at the port to attain good impedance matching. The structure of the antenna and its iterations are presented in Fig. 1 . A basic antenna without slots is working in the wideband is modified as single notch monopole as shown in the Table 1 .
The effective dielectric permittivity of the narrow microstrip line is expressed as
The wavelength of the signal propagating through a microstrip line is
The characteristic impedance can be calculated from the Eqs. (3) and (4) . 
When the characteristic impedance of the microstrip line is known then to find the width of the strip 
This expression will give the effective length of the radiating patch.
For an efficient radiator, the optimized width is given as
The length of the patch can be determined by
Here 'fr' is the resonating frequency.
Design methodology
The design procedure of the antenna started by finding the dimensions of the feeding element with 50-ohm characteristic impedance. The defected ground plane upper part is also truncated for impedance matching and to attain good bandwidth. An inverted u-shaped slot is placed on the radiating element to achieve single notch band at WLAN band. Dual notch band is achieved with dual inverted u-slots and triple notch band is achieved with triple inverted u-slots on the patch element.
Step 1:
A square monopole with corner truncated at lower portion is designed with microstrip feeding. Defected ground structure with upper corner truncated is used and to get impedance matching with the radiating structure another slot is placed in the feed line. A u-slot is etched on the radiating element to notch x-band as shown in the Fig. 2 (a) . The corresponding reflection coefficient and the VSWR can be observed from Fig. 2 (b) . The approximated length of the slot is estimated using the Eq. (9), where 'c' is the velocity of the light. 
Step 2:
A single notch band model is modified with dual notch band model by placing one more inverted ushaped slot below the existing slot. The dimensions of the second slot are presented in the antenna dimensions table. The characteristics of the reflection coefficient and the VSWR for the dual notch antenna is presented in Fig. 3 (b) . Dual notching is obtained at x-band (8-12 GHz) and 17-20 GHz respectively. The operating bands are from 4-8 GHz and 12-17 GHz with minimum reflection coefficient of -33dB at 13 GHz.
Step 3:
The dual notch band model is modified with triple notch band model by placing one more inverted u-shaped slot below the existing slots. The dimensions of the third slot are presented in the antenna dimensions Table 2 . The characteristics of the reflection coefficient and the VSWR for the triple notch antenna is presented in Fig. 4 (b 
Results and discussion
To design the triple notch band antenna, initially an antenna capable of covering ultra-wideband range is designed. After that, notch band characteristics are introduced with the placement of inverted u-slots in the radiating structure. All parameters of the antenna are optimized with high frequency structural simulator HFSS tool. Iteration wise analysis is presented in this section and the optimized model is fabricated. The measured results on vector network analyzer and in anechoic chamber are providing good correlation with the simulation results for validation.
The measured radiation patterns of the dual notch band antenna and the triple notch band antenna are presented in Fig. 6 . Dual notch band antenna is showing directive pattern at 4.5 GHz and monopole like radiation at 13 and 15 GHz in the Eplane. Quasi omni directional pattern can be observed in the H-plane. The triple notch band antenna is also showing similar kind of radiation characteristics like dual notch band antenna at 4.5, 13 and 15 GHz respectively. The surface current distribution characteristics of the triple notch band antenna is shown in Fig. 7 . At 4.5 GHz the current density is more from first slot and the lower corners of the radiating structure. At 7 GHz and 13 GHz the radiation is from the feed line. At 15 GHz around third slot the current elements are having equal magnitude but flowing in opposite direction resulting no radiation. This causing the third notch band in the operating band.
Reconfigurability
To achieve tunable notch band, a pin diode of BAR 64-02v is mounted on the slots of radiating Three diodes are placed at three slots and based on the switching condition of the diodes, the reconfigurability is examined and reported. Table 2 gives the reconfigurable behaviour of the antenna with diodes switching condition. The prototyped antenna front, back view and the testing of reconfigurability on combinational analyzer is presented in Figs. 9 and 10 . The prototyped antenna with diodes placement and the biasing connection can be observed from Fig.  10 . The Fig. 11 shows the reconfigurable behaviour of the antenna VSWR characteristics with change in the diode switching conditions. When diodes are in off condition, triple notch band characteristics are attained and when all the diodes are in on condition and in off condition, the VSWR behaviour of the antenna is found exactly same. When D1 and D3 are on and D2 is off, the designed antenna is showing triple notch band characteristics with shift in the bands to lower frequency. In this condition, Triple Notching occurred at 6-8.5, 9-10 and 11-14.5 GHz respectively. When D1and D2 are off and D3 is on, 
Conclusion
A compact triple notch reconfigurable antenna is designed in this work and presented the analysis. The proposed antenna is constructed on FR4 substrate of permittivity 4.4 and occupying the total size of 24X26X1.6 mm. The reconfigurable behavior of the antenna is tested by placing BAR 64-02v diodes on the etched slots of the radiating structure and biasing voltage is applied. The prototyped antenna is tested in the anechoic chamber with connection to combinational analyzer and regulated power supply for frequency reconfigurable behavior and obtained the good correlated results with the simulation from HFSS tool. These testing results providing validation and confidence to apply the antenna in real time environment for desired band applications. The design with tunable notch band behavior is possible for antenna frequency bands only. The polarization reconfigurability, pattern reconfigurability and hybrid reconfigurability can be attained with the novel structures of cross slot techniques and with other types of feeding methods. The performance characteristics with respect to the gain and the radiation characteristics to be examined with new optimization techniques in the future. 3.4 dB 76% Figure. 11 Frequency reconfigurability of the proposed antenna
